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Abstract 
As the Earth’s population grows and the spectre of globalisation looms ever larger; the twin snakes of 
standard of living and environmental conservation rear their heads. In order to balance these issues there 
is a growing need to move away from environmentally damaging forms of fossil fuel power generation, 
like coal and gas; and towards cleaner renewable sources of energy such as solar, wind and hydropower.  
This transition is backed by an established political pressure and a growing societal demand for cleaner 
energy and a limit on greenhouse gas emissions. There has been an exponential increase in the installed 
capacity of wind turbines over the last 15 years, however due to a number of factors, including societal 
acceptance and NIMBYism, the majority of the onshore ‘low hanging fruit’ has already been developed. 
This is not to mention the technical and economic factors, namely an increase in the rated power of wind 
machines, but also the capacity factor which can be increased by moving to site with less topographical 
obstructions. 
The open ocean offers the ultimate potential in terms of wind energy to be harnessed, accordingly there 
has been a recent drive to develop floating structures which can be moored offshore, with turbines 
mounted generating electricity which is transmitted back to shore. The need for floating turbines is clear, 
as at depths of greater than around 30 m it becomes uneconomical to install fixed bottom turbines. 
Similarly, by increasing the distance from shore, and by default the operating depth, greater power can 
be yielded by the stronger winds. 
Windcrete - developed at the Universitat Politècnica de Catalunya in conjunction with a number of 
European partners - is one such concept in development, which seeks to be commercially deployed by 
2020. Windcrete is a novel concept in terms of its monolithic concrete design, it is hoped that this will 
yield a service life of at least 50 years, compared with around 25 for the steel competitors on the market. 
Development is well underway, with a scale model successfully tested and now a Life Cycle Analysis (LCA) 
of the design is to be undertaken. 
An Inventory of all the materials and processes within the Windcrete system was assembled, and a LCA 
was performed using GEMIS 4.94 (a LCA application). Several scenarios were modelled to represent a 
variety of envisaged operating conditions.  
The results from the LCA were compared with a number of other wind turbines, both floating and onshore. 
The performance of Windcrete in terms of energy payback time and gCO2e/kWh were impressive, and 
showed the excellent potential of Windcrete. The excellent performance of the structure can be mainly 
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attributed to its all concrete construction, which results in significantly less environmental impacts 
compared with a steel equivalent. As an additional benefit, concrete is well suited to operating in the 
harsh open ocean environmental and as such can offer an extended lifespan in comparison to steel based 
floating turbines; this allows a single Windcrete unit to operate for longer and so generate a greater 
amount of power over its lifetime. This is turn yields very low carbon electricity when comparing the total 
embodied carbon in the turbine versus the total lifetime generation. 
A breakdown of the life cycle processes and the main structural elements was undertaken and the results 
analysed. After careful analysis and further research several suggestions were made for additional studies 
which in turn could boost the already impressive environmental performance of the design.  
The results of this study have shown that Windcrete offers itself to be an environmentally friendly concept 
which should be deployed commercially for its full potential to be realised.  
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Chapter 1 - Overview 
1.1 Introduction 
The World’s ever growing population, coupled with its future energy requirements necessitates 
alternative sources of energy to be developed, both in an effort to reduce greenhouse gas emissions from 
the burning of fossil fuels, but also in order to have a well-developed and established renewable energy 
source when, eventually, exploitable fossil fuel reserves become scarce.  
Thus, this project has chosen to focus on offshore wind, and in particular floating wind turbines as a viable 
source of renewable energy. Offshore wind is a growth industry, particularly in Northern Europe, which 
has blessed the countries around it with a continental shelf on which to place their fixed bottom turbines 
in shallow seas. This is economically viable in shallow waters, although at depths of greater than 30-40 m 
it is not cost effective to install fixed bottom turbines. However, for countries which are not so 
topographically blessed, and for future energy harvesting in the North Sea (once the majority of shallow 
sites have been developed), the most viable alternative is to install floating wind turbines. 
 
Figure 1- Principle typologies of offshore foundations, both fixed and floating (EWEA, 2013) 
Floating turbines are a technology in infancy. There are many design concepts, mainly based on concepts 
developed within the offshore oil and gas industry (Figure 1). There is at present only 4 (Hywind, 
ETSECCPB - Escola Tècnica Superior d'Enginyers de Camins, Canals i Ports de Barcelona 
2 
 
WindFloat and a couple more in Japan) functioning full scale prototypes in operation, however, within the 
next decade it is forecast that there will be significant commercial uptake of floating plant.  
One important point which is often overlooked is that although the electricity generated by all wind 
turbines is 100% renewable, the process of manufacturing, operating and disposing of the turbine has 
energy and carbon emissions associated with it. From raw material extraction, transport, fabrication, 
installation, maintenance and demolition, there are environmental consequence connected with each 
one of these processes. It is therefore important to know exactly how much energy and carbon each 
turbine is responsible for, and so the carbon emissions associated with each unit of energy generated 
throughout the life of the turbine can be known and objectively compared with other turbines and 
alternative energy sources. This information can be obtained by carrying out a Life Cycle Assessment (LCA) 
of whatever product is needing to be evaluated. 
Several studies have undertaken a LCA of several designs of wind turbine, including at least 2 floating 
designs. LCA has been carried out in an effort to quantify the energy requirements, equivalent CO2 
emissions and payback time of each turbine, compared with the total energy required to produce, operate 
and decommission the turbine across its entire lifecycle. In simple terms it is a ‘cradle to grave’ analysis of 
the environmental impacts associated with the existence of the turbine. In addition to quantifying the 
energy required, the results of the LCA can also indicate areas of the design which may be improved to 
reduce its embodied energy or carbon. This can make the design more environmentally friendly, and most 
importantly can give cost savings throughout the life of the product and so make it a more attractive 
proposition for investors, in addition to providing environmental credentials which are useful to possess 
during any decision making progress. 
Floating wind offers a unique opportunity to carry out an LCA, due to the fact that the majority of 
commercial projects are still in the planning stage, and so if one design was shown to be superior to 
another then it would have a high likelihood of becoming the front runner within the industry.  
Windcrete is a monolithic concrete spar-buoy concept which has been developed at the Universitat 
Politècnica de Catalunya (UPC) by a team of researchers, in conjunction with several other academic and 
industrial partners across Europe (Figure 2). It is believed that the all concrete construction of Windcrete 
offers several competitive advantages - both economic and technical - over its steel and composite 
competitors. 
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Figure 2- Partners involved in the development of Windcrete 
1.2 Objectives 
This project will carry out an LCA of the Windcrete design in order to quantify the environmental impacts 
across its design life, the energy payback time and the CO2 equivalent per kilowatt hour (gCO2e/kWh) of 
electricity generated by the turbine over its lifecycle.  
This is important as this information can be used to directly compare Windcrete with other floating wind 
concepts and to provide a benchmark from which optimisation (in terms of environmental impact) of the 
design can be measured.   
1.3 Thesis Outline 
It follows that Chapter 2 will be a literature review of the offshore wind industry, and particularly floating 
wind. The offshore wind industry will be examined, more specifically the development of floating wind, 
including the main typologies, some current prototypes and areas of importance when developing a 
floating wind design.  Furthermore, a subsequent literature review will then focus on LCA. It will examine 
why LCA is necessary, its applications and how it can be a useful tool along with some of its shortcomings. 
Finally, previous LCA studies pertaining to wind turbines will be examined to determine the optimum 
method for carrying out this study, and useful outputs which will allow for direct comparisons to be drawn. 
The purpose of this chapter is to familiarise the reader with the concept and applications of LCA within 
industry, as well as the particular concepts behind the design and fabrication of floating wind turbines, 
the growth potential of offshore, and especially floating wind, and in particular the Windcrete design and 
some of its competitors. 
Chapter 3 will outline the methodology which will be used in the LCA of Windcrete. This will include the 
goal and scope definition and the inventory analysis. The inventory analysis will consider all of the stages 
and processes required by the turbine over its life. The methodology will also outline the different 
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scenarios which will be tested as a quasi-sensitivity analysis, and the methods used to validate the results 
obtained. 
The results and analysis of the LCA will be discussed in Chapter 4, including identification of areas for 
improvement and weaknesses within the study. Furthermore, Windcrete will be compared with the 
results from previous LCA studies, and comparisons drawn. The results obtained from the application will 
be compared with approximate embodied energy and carbon values from literature to ensure that the 
output from the LCA software are valid.  
Finally, Chapter 5 will present the main conclusions from the study and offer recommendation for future 
research to be carried out. This will enable the suggestion of more proposals to previous findings, and 
thus allow for the development of even more sustainable designs. 
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Chapter 2 – Literature Review 
In order to gain an adequate knowledge of the subject areas being investigated a number of books, 
journals and papers were studied.  These published items pertained to the wind turbine industry, the 
current state of floating wind, the Windcrete concept. Additionally, the process of a Life Cycle Analysis 
was studied, along with previous wind turbine LCA studies that have been completed. 
2.1 Wind and Turbines 
With the World’s population forecast to increase by 33% - from 7.2 billion to 9.6 billion people (UN, 2013)- 
and an ever growing demand for energy, humanity must curb its reliance on finite fossil fuels (Figure 3) 
and move towards more sustainable forms of energy generation; the vast majority is from non-renewable 
sources, with wind representing just 0.4% of the total - illustrating the vast scope for future deployment. 
Even if one is inclined to deny the human causes of climate change, it is clear that eventually the limited 
amounts of fossil fuels will be exhausted, and alternative sources of energy must be developed.  
 
Figure 3- Sources of energy Worldwide (Lomborg, 2001) 
Although wind energy has been harnessed by humans since antiquity, in the form of sail boats and 
windmills, there has been much development of harnessing wind power for electricity generation in the 
past 120 years. The first such device was constructed by Professor James Blyth at Anderson’s College (the 
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precursor of The University of Strathclyde), Glasgow in 1887 (Price, 2005). Since then there has been much 
development of this technique, in order to generate commercially useful quantities of electricity.  
Beginning in 1978, with the development of the first multi-megawatt turbines in Denmark, there has been 
a surge in the installed capacity of wind turbines, beginning in the mid-1990s and particularly since the 
year 2000 (Figure 4), this growth has been driven by government policy (to meet emissions targets, Kyoto 
Protocol, 1997) and fears over fossil fuel depletion, energy security and global warming. The vast majority 
of this capacity has been due to the construction off onshore wind farms. Despite the fact that onshore 
wind turbines are a cheap and proven technology, they have been criticised as being visually polluting to 
the environment, noisy, and harmful to existing ecosystems. In the UK this is particularly true as the 
majority of onshore wind farms are located in relatively undeveloped upland areas where there is a good 
wind resource. In addition, the land area required to produce enough power via renewable sources is too 
great in most densely populated European countries (MacKay, 2008), and so the placement of wind farms 
must be moved offshore. Finally, due to the need to limited their visual impact, the height and size of the 
towers and restricted, and so there is a limit on the maximum rated power for each turbine. 
 
Figure 4- Growth of Global Cumulative Installed Wind Capacity 2000-2015 (GWEC, 2015) 
2.2 Offshore Wind 
Offshore wind has developed recently, and most notably in Northern Europe, where there has been an 
exponential growth in installed capacity (Figure 5) from 36 MW in 2000 to over 5000 MW in 2015 (GWEC, 
2015). However, this still represents less than 2% of global wind deployment, indicating that there is still 
huge potential for the development of offshore wind energy. Over 99.9% of this deployment is in the form 
of fixed bottom turbines (EWEA, 2013). These are turbines that are fixed to the sea floor, and are located 
in shallow waters (<30 m) and close to shore (<30 km), in generally less challenging ambient conditions 
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than those found further offshore. Northern Europe offers particularly suitable conditions for the 
adoption of fixed bottom turbines due to the large areas of shallow water offered by the North Sea, due 
to the topography of the European Continental Shelf, particularly at the fringes. However, with the growth 
of installed fixed bottom capacity, there will be a need to locate future installations further out, and in 
deeper waters (EWEA, 2013; Carbon Trust, 2015). At depths greater then around 40 m the cost of installing 
fixed bottom foundations becomes prohibitively uneconomical and technically challenging, and so better 
and more economical solutions must be developed to meet this challenge. Offshore turbines are generally 
installed in groups to form a wind park, which allows the sharing of common infrastructure for control 
and power transmisison purposes.  
It is estimated that assuming a modest development sceanrio the UK could deploy up to 40 GW of offshore 
capacity by 2050, and of that it is estimated that 20-40% of this could consist of floating turbines (Carbon 
Trust, 2015). This scenario is dependant upon the point of cost convergance of floating wind with fixed 
bottom, it is currently unclear if parity can be achieved within this timescale. 
It should be noted that the growth and uptake of energy storage is outwith the scope of this study and as 
such the assumption is that the growth of wind power will have a positive impact on the energy supply 
and not lead to undue stresses on the distribution network. It is assumed that the distribution grid will be 
upgraded in order to cope with the additional intermittent power generated by an increased number 
number of turbines; both onshore, fixed bottom and floating.  
 
Figure 5- Cumulative installed offshore capacities, 2000-2012 (Higgins and Foley, 2014) 
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The concept of floating wind turbines has been developed in response to this challenge. Half of the North 
Sea is between 50 and 220 meters deep (Figure 6), and so the potential of the abundant deep-water 
resource in the area is still to be unlocked (Carbon Trust, 2015). It is estimated that the European Union’s 
energy requirements could be met 4 times from turbines placed in deep-water (>50 m) (EWEA, 2013). 
Floating wind turbines are turbines mounted on a floating substructure, allowing them to be placed in 
areas which are unsuitable for fixed bottom turbines. However, due to the tougher environmental 
conditions, more conservative designs, with a higher material demand are required, although this may be 
offset by the improved wind conditions. Furthermore, locating turbines further out to sea provides better 
accommodation for fishing areas and shipping lanes, whilst negating the visual impact of the structures.  
 
Figure 6- Depth to seabed of the European Continental Shelf and Mediterranean Sea (DNV-GL, 2014) 
Although not technically or economically challenging, the visual impact of turbines on the seascape 
remains a contentious issue. A study by Westerberg et al. in 2015 found that offshore wind farms were 
generally opposed by coastal communities, as they felt that it negatively impacted the unique sea-scape 
in their local area. In turn this led to an expectation that local businesses and tourism would also suffer as 
a result of the visual pollution of the coast, despite the obvious benefits of increased renewable energy. 
This contrast between arguments of local public bad, and global public good gives another reason for 
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moving offshore wind turbines further out to sea, and so out sight of the general populace, thus 
minimising visual pollution.  
Finally, the wind resource out at sea is generally stronger (Figure 7) and more consistent due to the lack 
of topographic obstructions which affect wind flow.  
 
Figure 7- Map of mean offshore wind speeds around Europe (Carbon Trust, 2015) 
However, despite this promise, floating wind turbines are still an immature technology. Several challenges 
face the widespread uptake of this technology, namely: 
 Operation and Maintenance in difficult conditions 
 The need to reach parity in terms of levelised cost of energy compared with fixed bottom and 
other renewable sources 
 High cost of research and development as no consensus over which design of substructure is 
optimum along with perceived risk of moving to a new technology. 
Cost competitiveness is critical to the growth and commercial uptake of floating turbines; this will be 
achieved by reaching cost parity with fixed bottom wind turbines.  
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2.3 Floating Wind 
There are 3 dominant types of floating wind foundation, all 3 of these typologies have been adapted from 
the offshore oil and gas industry and have been designed to support a turbine and associated support 
systems by floating on the surface of the sea (Figure 8).  
A Spar-Buoy is a cylindrical shaped structure which relies on a heavy submerged section and a lighter 
upper section so that the centre of gravity is lower than the centre buoyancy, thus giving the structure 
stability.  
Semi-submersible Platform is a stabilised platform which is partially submerged below the ocean. It is 
fixed to the seabed by catenary mooring lines.   
The final type of floating wind foundation is a Tension Leg Platform (TLP), this is a semi-submerged 
structure with a shallow draft, which is anchored to the seabed by tensioned lines, which keep it moored 
in place. 
 
Figure 8- The 3 principle typologies of floating turbine structures (Department of Energy, 2016) 
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Most types of floating foundation have been designed to accommodate most conventional offshore 
turbines currently in operation, these designs are known as ‘turbine agnostic’. Other floating wind 
concepts have been designed for specific turbines to be mounted on them, this is considered to be a more 
optimal solution as the fine tuning between platform and turbine gives greater performance and can be 
considered to be more cost effective (Carbon Trust, 2015). 
Further work is needed to fully assess the cost competitiveness of each concept, however this will be 
influenced by local infrastructure and supply chain capabilities, and by specific site conditions. As there 
are very few demonstrations in the water there is a great deal of uncertainty when attempting to estimate 
the cost of energy from future commercial projects, this was studied at the University of Strathclyde in 
2015 by Siddons et al. The study showed that there was approximately a 38% error in the forecasted 
Levelised Cost of Energy (LCOE) (estimate of the net present value of the costs of a generating system 
divided by the expected output over its lifetime) from offshore wind, this compares with 17% for onshore 
wind. This may be due to the demand by policy makers for cost forecasts for an immature technology in 
order to determine the level of government support it may require to be competitive. It is this demand 
for forecasts from immature technologies, which themselves have so few data points to use, resulting in 
“forecast errors”. Thus a vicious cycle is formed, which can lead to short term distortions in energy policy. 
However, it should be noted that past forecast errors may not be a good proxy for future forecast errors, 
and so additional study should be carried out into the LCOE from floating wind in order to give the best 
forecasting possible. This is part of the rationale behind this study. 
2.3.1 Existing Concepts 
The relative merits and disadvantages of each of the 3 types of turbine are discussed below (Table 1). Each 
of the types of floating platform are considered to have their own advantages and disadvantages, with no 
clear winner. The choice of which concept to adopt is often dictated by the final site for the turbines and 
the infrastructure available at the point of manufacture.  
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Table 1- Advantages and Disadvantages of the 3 Principle Typologies of Floating Structure (Adapted from Carbon Trust, 2015) 
Concept Advantages Disadvantages 
Spar-buoy A relatively simple design for which 
production is highly scalable, giving 
potential cost savings through serial 
fabrication. The design has reduced 
maintenance requirements as the 
structure encompasses fewer moving 
part, due to the absence of an active 
ballast system.  Due to the deep draft and 
comparatively lightweight top section, 
the system has excellent stability and 
buoyancy.  
The large draft constrains deployment is 
shallow waters, and also limits the 
structure’s ability to be towed back to port 
to undergo maintenance. Furthermore, this 
requires that the structure be towed out to 
the deployment area where it will be 
installed. This requires specialist equipment 
such as heavy lift cranes and other dynamic 
positioning vessels, thus increasing 
deployment cost and risk. 
Semi-
submersible 
Can be fully assembled onshore and so it 
is logistically less challenging. This also 
means that it can be easily deployed at 
sea with only basic vessels, such as a tug 
boat being required. Additionally, the 
shallow draft gives flexibility of 
application as it is able to be deployed at 
shallow depths. The platform can be 
towed back to port for repairs, reducing 
the magnitude of risk during 
maintenance. 
The complex nature of the platform means 
that there are many complex procedures 
which must be completed to fabricate it, 
thus increasing deployment costs and risk of 
defects. The shallow draft of this design 
requires a high mass in order to give 
adequate stability and buoyancy to the 
structure. This system may require an active 
ballast system, which adds cost and 
complexity to the construction, along with 
an increased operation and maintenance 
burden.  
Tension Leg 
Platform 
Offers onshore assembly of the turbine 
due to shallow draft. The low mass of the 
structure gives a lower foundation cost, 
whilst also offering good stability. The 
system requires no active ballast, so 
reducing costs and maintenance 
requirements 
The high loads on the mooring and 
anchoring system present a technical 
challenge and must be anchored correctly. 
This is a complex process which often 
requires bespoke vessels, resulting in a 
riskier and costlier installation process when 
compared with the other concepts. 
 
The current development of full scale prototypes is currently very limited, with only a handful of designs 
having reached this stage of development. There are currently over 30 different floating turbine concepts 
in development and some examples for each typology are outlined below. As the focus of this project is 
on Spar-buoy concepts, these will be examined in greater detail.  
ETSECCPB - Escola Tècnica Superior d'Enginyers de Camins, Canals i Ports de Barcelona 
13 
 
2.3.1.1 Spar buoy 
Hywind 
 
Figure 9- Hywind in operation off the coast of Norway (Statoil, 2012) 
Developed by Norway’s national oil company, Statoil, Hywind is the most mature spar-buoy design. A full 
scale prototype has been operating off the south-west coast of Norway since 2010 (Figure 9). Hywind is a 
concrete and steel construction with a 2.3 MW turbine.  It has currently generated some 32.5 GWh of 
power since its inception. A modified design is currently in development with plans for a wind park of 6, 
5MW turbines to be deployed off the coast of Scotland in 2017. In addition to having a larger capacity the 
modified turbine has a shorter (approximately 20%), larger diameter hull, in order to reduce CAPEX 
through lower material costs (Statoil, 2012; Xodus, 2013; Carbon Trust, 2015). 
Hybrid Spar 
 
Figure 10- Hybrid Spar prototype off the coast of Japan (Carbon Trust, 2015) 
ETSECCPB - Escola Tècnica Superior d'Enginyers de Camins, Canals i Ports de Barcelona 
14 
 
Hybrid Spar has been developed by Japanese firm Todo Construction. Initially a 100 kW deployed as a 
half-size prototype, a 2 MW prototype has been installed off the coast of Japan in 2013 (Figure 10) and is 
currently operating, having survived severe typhoons and other extreme conditions. It is a hybrid design, 
with a steel upper section and a pre-stressed lower section. There are currently plans to develop a 
commercial array of up to 522 MW, utilising 5 MW scaled up units (Carbon Trust, 2015).   
Sway 
 
Figure 11- Sway, 1:6 scale Spar-Buoy prototype (Sway, 2016) 
Sway is another spar-buoy concept developed by Norwegian company Sway AS, as of 2011 it has been 
successfully tested as a scaled - 1:6 - 0.15 MW prototype currently active off the coast of Norway. The 
unique tensioned mast system (Figure 11) reduces the weight of the steel required in the structure by 
50%. It is a downwind turbine and the swivel foundations allow it to yaw in the direction of the wind. It 
has been designed to operate in depths of over 55 m and can be used for turbines from 2.5 MW to 12 
MW rated power (Weinzettel et al. 2008; Sway, 2016; Carbon Trust, 2015). 
2.3.1.2 Semi-submersible 
WindFloat 
 
Figure 12- WindFloat prototype installed of the coast of Portugal (Getty Images, 2015) 
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The steel semi-submersible of Principle Power’s WindFloat is one of the more mature designs. A 2 MW 
prototype has been operating off the coast of Portugal since 2011 (Figure 12). The has three columns, 
with the turbine being supported on one of them. The hull has been designed to be ‘turbine agnostic’ and 
so any existing turbine can be fitted to the platform with minimum modification. Due to the commanding 
position this design has in terms of being ahead of the pack there are plans for commercial deployment 
within the next 10 years for sites in the USA, Scotland and Portugal (WindFloat Pacific, 2016). 
2.3.1.3 Tension Leg Platforms 
GICON-SOF 
 
Figure 13- Artist’s impression of the GICON-SOF in operation (GICON-SOF, 2016). 
GICON’s Floating Offshore Foundation is steel tension leg platform which is constructed from 4 linked 
columns, secured to the sea bed by 8 taut leg moorings (Figure 13). It has a modular design as so would 
be highly suitable for serial fabrication. It has been demonstrated as a successful concept during tank 
testing and a full scale prototype is planned for deployment in the German Baltic Sea. After further 
optimisation commercial deployment is planned from 2017 (Carbon Trust, 2015; GICON-SOF, 2016). 
The majority of these existing concepts use steel for the majority of their components, particularly the 
towers. Whilst this may be optimum in onshore conditions the aggressive chloride rich environment of 
the open ocean presents a difficult environment for the maintenance of ferrous metal. As such it is 
expected that a principally concrete structure will present a better option in terms of maintenance 
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requirements and so yield an increased design life, compared with the seemingly industry standard of 20-
25 years 
2.3.2 Construction and Economics 
Of the 30 concepts reviewed by the Carbon Trust in 2015, the majority were based on steel as the primary 
construction material. The focus of several previous studies (Molins et al. 2014; Berruezo, 2015) found 
that a concrete based design offered many advantages over steel, both in terms of cost and environmental 
effects. It is expected that concrete concepts should be cheaper than their steel counterparts, in part 
because of the lower price of concrete, compared with stainless steel, but also due to the simpler 
construction methods used for a concrete structure (slip-forming compared with welding). Concrete is a 
material very suitable for offshore use. It has a low permeability and high strength, with can be increased 
by the use of admixtures. Furthermore, unlike steel, when used in hostile environments, like the chloride 
rich sea, no special coatings or sacrificial anodes are required (Molins et al. 2014). However, steel does 
have the advantage of being almost 100% recyclable at the end of its life, compared with a much lower 
rate of recovery for concrete. 
 
Figure 14- Capital Expenditure of fixed bottom and floating wind (Carbon Trust, 2015) 
As fixed bottom is a more mature technology is it expected that CAPEX will be lower, due to established 
supply infrastructure, installation procedures and the fact that it is an established technology (Figure 14). 
Floating wind has the potential to compete with fixed bottom, especially at deeper depths. Despite the 
higher CAPEX, it is expected that OPEX will be lower due to the more conservative designs required for 
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survival in deep sea conditions and the difficulties in performing maintenance far from shore, ensuring 
that designers of floating turbines imbue their designs with a greater degree of resilience.  
 
Figure 15- Capital Expenditure for concrete and steel floating turbine types (Carbon Trust, 2015) 
The Carbon Trust study conducted in 2015 reasoned that a concrete Spar design should have the lowest 
CAPEX of all floating wind concepts (Figure 15). This is possibly due to the simplicity of its design and 
manufacture of the spar, combined with the high material requirements of its rival designs.  
 
Figure 16- Levelised Cost of Energy from various concepts (Ebenhoch et al. 2015) 
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A Levelised Cost of Energy (LCOE) analysis was undertaken by Ebenhoch et al. in 2015, it shows that a 
price of 17.55 cents/kWh (€175.5 MWh) is achievable (Figure 16) by a floating concrete turbine moored 
at a depth of 150 m with a load factor of 51%. At first this load factor may seem optimistic, however the 
Carbon Trust (2015) have estimated that a load factor of around 50% is realistic for floating wind in the 
open ocean. For the purposes of future study, a capacity factor of 50% will be assumed, a previous study 
of a floating turbine assumed a slightly higher factor of 53% (Weinzettel et al. 2008). 
 
Figure 17- Predicted LCOE for various floating concepts (Myhr et al. 2014) 
Another LCOE study by Mhyr et al. in 2014 focusing on floating concepts identified a figure of between 
€154.9 and €189.2 per MWh for their reference scenario (Figure 17). The scenario was a 5 MW floating 
turbine moored at 200 m depth, with a 20-year service life and a capacity factor of 53%. This indicates 
that a LCOE of approximately €160/MWh would be a suitable target from any floating concept. The 
Carbon Trust report (2015) suggested that there would be widespread uptake of floating wind when it 
reaches cost parity with fixed bottom. Currently the LCOE from fixed bottom stands at around €130/MWh, 
and so there is some way to go in achieving the cost savings necessary for floating wind to be as an 
attractive proposition for investors as fixed bottom. Thus the need for cost reduction is highlighted.  
Lower costs will make technology more competitive and so will have increased uptake. Figure 18 below 
show that there will be a spike in deployment in 2017-2018 due to the installation of several pre-
commercial arrays. Predictions beyond 2018 depend upon the performance of these first arrays along 
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with development of design standards, reducing LCOE through design optimization and political factors. 
Floating wind has the potential to be cheaper than fixed bottom due to a higher yield (50% load factor for 
floating compared with 40% for fixed bottom and around 30% for onshore) due to better wind conditions, 
combined with higher loads and larger turbines. Additionally, there is still scope for cost reductions 
through learning factors and economies of scale. A recent study by ORE Catapult (2015) a research centre 
for offshore wind energy, showed that 12 out of 13 cost indicators for floating wind were falling ahead of 
target, this indicates the potential for commercial deployment in the next few years.  
 
Figure 18- Current and predicted deployment of offshore wind (Carbon Trust, 2015) 
2.3.3 Windcrete 
Windcrete (Figure 19) is a novel concept which has been in development since 2009 by a group of 
researchers at UPC-Barcelonatech, in conjunction with a number of other European organisations. It is a 
spar-buoy design, optimised to operate in deep waters over 90 m. Thus it could be deployed in areas of 
southern Europe, where there is no shallow continental shelf, or in the deeper areas of the North Sea. 
 
Figure 19- Schematic of the Windcrete tower and substructure (Windcrete, 2016) 
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2.3.3.1 Novelty and Proof of Concept 
It is a monolithic concrete structure of cylindrical and conical shape, which has been designed to utilise 
standard formworks, thus allowing for continuous construction with a high degree of quality control. The 
absence of steel from the construction increases durability, giving Windcrete a design life of 50 years, thus 
giving a lower whole life cost, with the potential for a lower LCOE than its competitors. Additionally, the 
use of concrete offers substantial CAPEX savings (Molins et al, 2014) (Figure 20), up to 60% lower when 
compared to an equivalent steel structure. Due to the monolithic nature of the structure there is no joint 
between concrete substructure and steel turbine tower, close to the water level, as in other comparable 
spar-buoy concepts. This eliminates a potentially weak transition point in the design and eliminates the 
possibility of any water ingress. Finally, the passive ballast used in the structure removes any moving parts 
required for an active ballast system so further reducing the maintenance burden. Combined, this design 
philosophy makes significant reductions in both CAPEX and OPEX. The design has been optimised for a 5 
MW turbine, but there is scope for mounting turbines up to 10 MW, and so there can be a higher power 
generation potential on a per turbine basis.  
 
Figure 20- Cost comparison between similar steel and concrete spar-buoy designs (Molins et al. 2014) 
The turbine which is to be mounted on the structure is to be specifically designed and optimised for the 
Windcrete system, thus maximizing the potential of the design. 
The optimised Windcrete should be cheaper to manufacture and so give a lower LCOE, which will allow it 
compete with other (currently) lower cost forms of generation.  
2.3.3.2 Fabrication and Installation 
The installation process is simple and does not require any heavy lift cranes, reducing both cost and risk 
during the installation. The installation process is as follows (Figure 21): 
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The superstructure is 
constructed horizontally by slip 
forming in a dry dock (1). 
The completed structure is 
launched directly to sea by filling 
the dry dock or rolling down 
slipway. Towed by towing boat 
to installation position (2). 
The structure is flooded in a 
controlled manner to allow the 
majority of the structure to sit 
below the water line, less than 20 
m of the tower is above the water 
(3).  
The assembled turbine is fitted 
using a catamaran ship or similar 
(4). There is no need for heavy 
crane ships.  
 
The water is pumped out, causing the structure to rise, and 
replaced by aggregate ballast (5). This increases 
hydrostatic stiffness whilst retaining the required draft. 
The structure is moored to the sea bed and connected to 
the grid, ready for operation (6). 
1 
2 
3 
4 
5 
6 
Figure 21-Windcrete Fabrication and Installation Process (Molins et al. 2014; Windcrete, 2016) 
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2.3.3.3 Current and Future Development 
A 1:100 scale model was tested at the wave flume facility of UPC by Campos et al. in 2015. The results of 
the test yielded information which allowed for a more realistic numerical model to be calibrated. In 
addition, the excellent performance of the design was demonstrated.  
The next stage of development is to undertake a Life Cycle Analysis (LCA) of the Windcrete design to assess 
the environmental impacts of its production, operation and decommissioning. From the results of this 
assessment it will be possible to identify areas of improvement in the design in terms of reducing its 
environmental impact, thus increasing its environmental credentials and so making it a more attractive 
proposition for investors, compared with its competitors.  
Then a full scale prototype is to be deployed in 2017, followed by commercial development in 2020 
(Windcrete, 2016).  
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2.4 Life Cycle Assessment 
ISO 14040 defines Life Cycle Assessment as follows: 
"LCA is a technique for assessing the environmental aspects and potential impacts associated 
with a product by: 
1.      Compiling an inventory of relevant inputs and outputs of a product system; 
2.      Evaluating the potential environmental impacts associated with those inputs and outputs; 
3.      Interpreting the results of the inventory analysis and impact assessment phases in relation 
to the objectives of the study. 
LCA studies the environmental aspects and potential impacts throughout the product's life (i.e. 
cradle to grave) from raw materials acquisition through production, use and disposal. The 
general categories of environmental impacts needing consideration include resource use, 
human health, and ecological consequences”. 
Life Cycle Assessment (LCA) is the evaluation of all the processes involved in the manufacture of a product 
and their contribution to a list of selected environmental effects. LCA focuses on the environmental 
impacts related to ecological systems, human health and resource depletion. It ignores economic or social 
effects. 
The basic concept of LCA is that the entire life cycle of a product is considered, including the environmental 
effects that result from each stage of its lifecycle, including extraction of raw material, transport, 
manufacture, operation and decommissioning. The lifecycle consists of production, use and disposal, this 
describes the creation, use and removal of a product, its environmental impacts from ‘cradle to grave’. 
This allows for quantification of energy and material inputs, along with wastes generated from the 
lifecycle of the product, thus enabling opportunities to assess the environmental impact of a product, in 
terms of embodied energy or pollution, and so gives rise to opportunities for modification and 
improvement.  
2.4.1 Rationale 
LCA can be used as a tool in order to compare different products and their lifecycles, this allows for 
comparable products to be assessed with relation to their environmental impacts (and subsequent 
impacts on human health) and embodied energy. 
ETSECCPB - Escola Tècnica Superior d'Enginyers de Camins, Canals i Ports de Barcelona 
24 
 
LCA can be used in support of decisions, along with a number of other factors (cost, logistics etc.) about 
product improvement, selection and purchase.  
2.4.2 Weaknesses of LCA 
Despite the many useful features that an LCA can provide, there are a few areas where it is less useful. 
For instance, it is mainly a tool for determining environmental effects, and as such lacks the capacity to 
identify social and economic impacts. This is a significant drawback; as together with environmental 
impacts, social and economic impacts are recognised as the three pillars of sustainability (Figure 22), and 
so in an effort to move towards a tool capable of providing a more holistic and sustainable outlook on the 
life of a product, greater efforts must be made to include social and economic impacts in the LCA study. 
 
Figure 22- The Three Pillars of Sustainability (sustainability-ed.org, 2016) 
There has been some work done in an effort to improve the analysis of social and economic impacts and 
some LCA software can now allow for quantification of costs.  However, it is not normally included in the 
life cycle inventory. Furthermore, social impacts arising from a product can have an effect across a broad 
spectrum of society, and are often too qualitative to be accounted for in an LCA model, although human 
health impacts could be considered as being quantitative enough to be taken into account.  Therefore, an 
LCA can only provide a partial picture of the true impacts of a product in terms of sustainability.  
Furthermore, like any tool LCA can be subject to inference from human interest. As outlined in the 
previous section, the interpretation of an LCA, along with the system boundaries can be adjusted and 
manipulated to highlight certain impacts and downplay others. Thus two LCAs of identical products may 
produce entirely different results depending upon the objectives of the researcher (Baumann and Tillman, 
2004). This variability in outcome and the subjective manner in which the LCA is carried out could 
potentially hinder the mainstream acceptance of the results of LCA studies, and the wider uptake of LCA 
as a standard industry tool. This can be partially overcome by the use of sensitivity and uncertainty analysis 
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within the analysis: several LCA tools, such as SimaPro offer a Monte Carlo method for uncertainty 
quantification as part of the program in order to identify weak points in the study.  Whilst LCA should be 
carried out as a methodical scientific process, with enough subjective interpretation of data it is possible 
to manipulate the inputs and outputs in order to produce a wide range of outcomes depending on the 
results required. The lack of data, or the criterion of choice of these, is one of the main problems that exist 
when making the inventory phase of the life cycle, as well as its reliability and quality results. There is no 
official consensus by competent bodies to regularise the values to use. Finally, the quality of the data used 
in the LCA should be considered as it can have a significant effect on the final results obtained. 
2.4.3 Stages of LCA 
The International Organisation for Standardisation (ISO) state in their document ISO 14040:2006, that 
there are 4 phases of an LCA (Figure 23), these are as follows:  
1. Goal and scope definition phase 
2. Inventory analysis phase 
3. Impact assessment phase 
4. Interpretation phase 
 
Figure 23- Flow Chart of Stages of LCA (ISO 14040:2006) 
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Defining the scope includes defining the system boundaries and depends on the level of detail required 
and the intended use of the study. The scope and level of detail of the LCA will be determined by the 
definition of the goal and scope. The boundaries defined are subjective, they may be based on a 
geographic area or time horizon, or in the case of a wind turbine, they may be based on the boundary 
between the technological system and nature, i.e. at the point where the natural materials are removed 
from the ground until they are returned to it (final disposal of product) essentially ‘cradle to grave’. The 
functional unit of the LCA is also defined in this section. The functional unit defines what is being studied 
and exactly quantifies the output of the product being studied. This provides a reference point from which 
inputs and outputs can be related. In the case of a wind turbine the functional unit may be the generation 
of 1 kWh of electricity. The functional unit allows for the comparison of 2 or more similar products with 
the same functional unit, even if they provided different products or services. In this stage the 
assumptions and limitations are defined, as clearly the LCA is simply a theoretical study and so many 
assumptions have to be made about a product in order to complete the study. The environmental impacts 
which are to be looked at are also chosen at this stage in the study, these may include CO2 emission, 
eutrophication, and harm to marine life. 
The Inventory analysis phase involves the collection of data in order to create an inventory of inputs and 
outputs regarding the system or product being examined. This is a critical activity as there must be enough 
data in order to fulfil the goals and scope of the defined study. To develop the inventory, a flow model of 
the product must be created; an example is shown in Figure 24. This shows all of the inputs and outputs 
for each of the processes in the relevant supply chain. The input and output data must be relevant to the 
functional unit. 
 
Figure 24- Flow Chart of Typical Wind Turbine Life Cycle (Vestas, 2016) 
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The impact assessment phase is to provide additional information which will assist in the assessment of 
the inventory analysis, and so gain a greater understanding of their environmental significance. This helps 
to distil the important results that require further study. The environmental impacts are generally divided 
into three broad categories of resource use, ecosystem quality and human health.  At this stage the 
various environmental impacts arising from the product can be weighted, although ISO 14040:2006 
advises against this as it can result in a study which has been unduly influenced by subjective weightings 
and so is not representative of the life cycle of a product, making it unsuitable for use in comparison 
studies. As weighting is the most subjective process in an LCA it is vital to be transparent about the choices 
made in the weighting process in order for the reader to understand ‘the full extent and ramifications of 
the results’ (ISO 14044:2006), as it would be very easy to manipulate the weighting in order to distort the 
results, putting emphasis on some, whilst downplaying others (Baumannn and Tillman, 2004). 
 
Finally, the Interpretation phase is the last stage of the LCA, where the results of the previous phases are 
analysed and discussed in order to draw conclusions from the LCA, from which recommendations for 
improvement can be made. Furthermore, the validity of the results should be checked and the results of 
previous studies should be compared in order to validate the results and improve the quality of the study 
being undertaken. Lastly, the interpretation stage brings into focus the potential for variability in LCAs, a 
significant limitation of the LCA process, which is examined in further detail later in this chapter. 
2.4.4 Applications 
There are a number of very powerful applications that LCA can be used for. For example, it can be used 
to determine the most environmentally friendly method (either in terms of energy and/or resources) by 
which to dry a person’s hands. In this case this would involve a comparison between a reusable cotton 
towel, disposable paper towels and a hot air dryer. The functional unit used in this example could be 1 
pair of dry hands. The life cycle of each of these apparatus is assessed and the amount or energy and 
resources used to produce 1 pair of dry hands is calculated for each case. The LCA also allows for end-of-
life scenarios to be taken into account, for instance the reusable cotton towel may be washed a number 
of time before being sent to landfill, whilst the paper towel may be incinerated, the hot air dryer may have 
some components land filled and others recycled. It should be clear to see that useful and perhaps 
unexpected information can be obtained from an LCA. From the results of the assessment it may be 
possible to identify areas of the lifecycle which have a disproportionate effect and then refine the 
manufacturing process in order to lessen the environmental impact, thus providing a positive benefit to 
the planet and potentially making the product more profitable through more efficient processes.  
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Various environmental effects arising from the life cycle of a product can be determined. This can be 
expressed as contributions to climate change, acidification of oceans or eutrophication, and many others. 
Generally, they can be split into 3 categories: resources depletion, ecosystem quality and human health. 
The categories of environmental impact to be studied are selected, classified and characterised in the 
impact assessment phase.  
In this study the main categories which the LCA will focus on is the energy payback time. This is the length 
of time that the turbine must operate for in order to generate the amount of energy which it will consume 
over its entire lifecycle. After the payback time has been completed, the energy generated from the 
turbine can be considered to be of net benefit to the environment. This is important for decision makers 
as the shorter the payback time, the eco-friendlier the turbine will be over its life. Additionally, a shorter 
payback time allows for a longer period to generate essentially free electricity, thus maximising return on 
investment for investors and making the turbine a more attractive proposition. Ultimately, the main 
application of an LCA is to identify the impacts of a product over its entire life cycle, and identify areas for 
improvement. By implementing improvements in the design process through eco design, the 
environmental impacts and production costs can be minimised, and so profit can be maximised and the 
product optimised for environmental impacts.  
2.4.5 Previous Life Cycle Assessments of offshore installations 
Many LCA studies have been carried out, although mainly for onshore wind plant. Several have looked at 
offshore turbines, but with only a handful of these examining floating wind. No previous LCA of the 
Windcrete concept has been carried out. However, a LCA study of the Sway concept (Weinzettel et al. 
2008) has been completed, and as both Sway and Windcrete are optimised for 5 MW turbines, it was 
thought that the methodology of this study should be repeated to allow for direct comparison of the 
results in order to establish the strengths and merits of each design. The study of the Sway concept 
focused more on the various environmental impacts caused by the lifecycle of the turbine, and so it is less 
useful in comparing CO2 equivalent per kWh, although some insight into the environmental credential of 
the turbine can be gained by examining the outcome of the study. 
The main results from Weinzettel et al. (2008) showed that the main contribution to the negative 
environmental effects from the Sway turbine arose as a result of the production of low alloy steel and 
chromium steel. The high steel content of the Sway concept gave a high score for resource depletion. The 
energy payback time for the turbine was found to be around 13 months.  
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The Sway turbine was assumed to be operating at a load factor of 53%, which compares well to other 
values found in literature; the Carbon Trust (2015) estimate a factor of 51%. 
A study undertaken by Guezuraga, Zauner and Pӧlz (2011) compared a 2 MW geared turbine with a 1.8 
MW gearless turbine (both onshore). They used the LCA software GEMIS for their study and found that 
the larger, geared turbine had a much more significant negative environmental impact that the slightly 
smaller gearless turbine, however this was only half the story. Once the cumulative amount of energy 
produced by the 2 turbines was taken into account and an equivalent CO2/kWh calculated the 2 turbines 
were largely similar in their payback time (in terms of energy and CO2) and environmental impact. This 
was due to the fact that although the 2 MW turbine produced more energy over its life time, the material 
requirements for its gearbox and larger tower offset the higher amount of power produced.  
Figure 25 below shows the flow process used to model the turbines in GEMIS. The red arrows represent 
an outflow of emissions from the turbine, whilst the blue arrow shows energy being generated from the 
turbine. The end of life scenario assumes some recycling of materials, which can be fed back into the 
production process, so reducing the energy requirements and environmental impacts of turbine 
production. 
 
Figure 25- Typical Flow Chart of the Product Life of a Wind Turbine (Guezuraga et al. 2011) 
After the initial reference scenario was completed, a number of other scenarios were modelled. These 
included an annual 2% degradation in power output from the turbine, along with a 30% reduction in 
power output due to grid curtailment. Both these scenarios are representative of the real operating 
conditions of a wind turbine, and so the results from the simulation provided a more realistic value of 
CO2/kWh, compared to the idealised reference scenario. Weinzettel et al. (2008) did not take into account 
degradation of turbine performance over its lifetime. Several papers have studied the degradation of 
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turbine performance over time; Staffell and Green (2013) found that onshore turbines lost 1.6 ± 0.2% 
output per year, and over a 20-year life span this equated to a 12% reduction in overall power output 
compared with assuming the as new value. The decline in performance was attributed to the degradation 
of various components, such as the loss of aerodynamic efficiency of the blades due to fouling and a 
gradual loss of efficiency in the gearbox and other mechanical components.  This serves to emphasise the 
need for accounting for an annualised drop in performance, and its significant impact on the energy 
payback time of a turbine.   
 
Table 2- Results from a Turbine LCA Study (Adapted from Guezuraga, Zauner and Pӧlz, 2011) 
 Units Reference 
Scenario 
2% annual 
degradation 
30% grid 
curtailment 
2% degradation and 
30% curtailment 
Annual Energy 
Generated 
GWh 5.98 4.97 4.19 3.48 
Energy 
Payback Time 
Years 0.65 0.79 0.94 1.13 
CO2e g/kWh 9.73 11.72 13.91 16.74 
 
As can be seen from Table 2, the reference scenario compared with the worst case scenario shows that 
the energy payback time increases by some 74%, and the CO2 equivalent per kWh is 72% higher. This is 
not to say that the worst case scenario is unrealistic, merely to underline the importance of modelling 
different scenarios as a sort of quasi-sensitivity analysis, and that by modelling different scenarios, a result 
which can be assumed to be more representative of actual operating conditions can be achieved.   
From this study is was learned that in the case of turbines, the gross environmental impact is not a good 
or representative measure of performance. The amount of energy generated by the turbine over its life 
time must be taken into account in order to obtain a value of CO2/kWh equivalent from the turbine. Thus 
one design of turbine can be compared directly with another of a different rated power or in a different 
location. It also allows for comparisons with other forms of renewable energy, such as photovoltaic cells 
(PV) and other conventional generation techniques like Combined Cycle Gas Turbine (CCGT). 
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Figure 26- Comparative Energy Payback Times (Guezuraga et al. 2011) 
Figure 26 above, shows that even in the worst case scenario for operation, the energy payback time of 
the wind turbine is still the least when compared with various other forms of renewable and non-
renewable energy generation, with exception of hydropower, which requires very specific geographic 
features to be exploited as a viable commercial scale source of energy, notwithstanding the myriad of 
environmental and social impacts. 
The results of both studies also put emphasis on the end of life scenario and the importance of disposing 
of the turbine in an environmentally friendly manner. The most important step in ensuring this is to 
include a high degree of recycling when modelling the end of life scenario. Guezuraga et al. (2011) found 
that by assuming the worst case disposal scenario the gCO2e/kWh increased from 9.78 to 17.35, a 
significant 77% increase. Weinzettel et al. also found that the effects of the end of life scenario were 
significant in the outcome of the LCA. Thus particular care will be taken when modelling end of life 
scenarios when carrying out this study. 
A basic LCA study of the Windcrete structure was conducted by Berruezo in 2015, and forms the basis of 
this study. The study looked at the environmental impacts between a steel and concrete floating 
structures with the same turbine (although the turbine was excluded from the study). An Excel based tool 
was used to compute the embodied energy, carbon emissions and environmental effects arising from the 
production, operation and disposal of each structure. The results for both steel and concrete structures 
were compared and it was found that the steel structure had a much greater impact on the environment, 
mainly arising from the large mass of structural steel required in its production. The study focused on the 
environmental effects and so impact in areas such as energy payback time were not examined, giving 
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scope for this to be achieved by this study. Furthermore, the principle weakness of the study was that the 
LCA was carried out using a Microsoft Excel based tool, instead of a dedicated LCA application. The results 
of the study do however provide a good starting point for comparison and validation of the results from 
future work, including this study. Finally, the initial results from the study showed that a steel structure 
was in fact more environmentally friendly than a comparable concrete one, but due to the difference in 
expected service life – 25 and 50 years for steel and concrete respectively – the concrete structure had a 
lower impact across its entire lifespan. This serves to highlight that lifespan is an important factor in LCA 
and so variations in the service life of the turbine will be modelled to serve as a sensitivity analysis.  
All of the previous LCA turbine studies that have been carried out and examined here have come to the 
same general conclusions, that the vast majority (80-95%) of embodied energy and greenhouse gas 
emissions arise from the fabrication of the turbine and tower, and that transport and demolition are the 
next largest contributors. Finally, maintenance can contribute up to 5% of the total, although presumably 
this is dependent on the construction, service life and location of the turbine; a concrete turbine is 
assumed to have a lower maintenance requirement than a comparative steel structure (Molins et al. 
2014).  
2.4.6 Tools for Carrying out LCA 
There are many different platforms on which to carry out an LCA. Some are freely available applications, 
whilst others are designed for commercial applications, and so cost many thousands of dollars.  
The software chosen to carry out this study is GEMIS (Global Emissions Model for Integrated Systems), a 
publically available life cycle and flow analysis model. It has been acknowledged by the World Bank as a 
tool to be used in its Platform for Climate smart-planning. It is provided by IINAS (International Institute 
for Sustainability Analysis and Strategy), who are a scientific think tank group based in Germany. GEMIS 
is both an LCA tool and a database (iinas, 2016) that allows for the detailed description of all the processes 
in the energy system and the calculation of energy consumption required by each process, in addition to 
calculation of the emissions and energy flows. The model is also capable of calculating the emissions for 
a number of different categories of pollutant, as well as quantifying resource use.  
The data entry requirements in order to obtain an output from the GEMIS software are as follows: 
 Materials required and their approximate masses 
 The power and duty cycle of the product 
 Transport modes and distances 
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  Other energy requirements within each process 
The following can be obtained from the GEMIS database, which contains over 9000 processes: 
 Energy for manufacture 
 Embodied energy of materials 
Other software that has been used to carry out LCA studies of wind turbines include SimaPro, by Pre 
Consultants. It is the most widely used LCA software in the world and is capable of carrying out many 
different impact assessment methods and contains databases with a broad international scope. This 
program was not chosen to carry out this study due to the high cost of obtaining a license. GEMIS was 
judged to be more than adequate and is a proven piece of software as it has been used to carry out LCA 
of wind turbines in previous studies.  
2.5 Objective Statement 
Thus a LCA will be carried out for the Windcrete design in order to evaluate its environmental impacts, 
improve its ecological credentials and most importantly, identify areas in which cost savings can be 
implemented.  
The methodology of the LCA being undertaken is outlined in Chapter 3. 
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Chapter 3 - Methodology 
3.1 Goal and scope 
The objective of this study is to carry out a LCA of the Windcrete floating turbine concept. The LCA will 
examine the whole life of the turbine from ‘cradle to grave’ and calculate a number of relevant parameters 
concerning energy consumption and greenhouse gas emissions. These results will be compared with other 
sources of energy generation, fossil and renewable, including other turbines and floating concepts, in 
order to assess the environmental credentials of the Windcrete concept. The Windcrete concept is a 5 
MW monolithic concrete spar-buoy floating turbine, its attributes and development have been discussed 
in the previous chapter. 
3.1.1 Process Flow Chart 
 
 
Figure 27- Flow Chart of Windcrete's Lifecycle 
The flow chart of Windcrete’s lifecycle is shown in Figure 27. The red arrows represent energy input to 
the system in the form of embodied material energy, and energy required for transport and auxiliary 
processes. The green arrow represents the energy output from the operation of the turbine.  
The production phase includes the structure, turbine, moorings and ballast. The production of each of 
these components encompasses upstream processes, outlined in more detail in the lifecycle inventory 
analysis. Operation and maintenance covers routine processes required to keep the turbine operational 
and the replacement of components when necessary.  
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The end of life scenario includes dismantling, disposal and recycling of various assemblies, materials and 
components, further details can be found later in this chapter. 
The grid connection cables and floating substation have been excluded from this analysis as the quantities 
of these will depend on the final location and configuration of wind farm, once deployment options have 
been assessed.  
 
Figure 28- System Boundaries of Study 
The system boundaries, shown in Figure 28 represent the limits of the LCA in this study. The infrastructure 
requirements for production of materials, transport infrastructure and transmission infrastructure have 
been excluded. The solar energy required for the wind has also been excluded as it would be difficult to 
quantify and for the purposes of this study can be assumed to be an unlimited source of energy with 
negligible environmental impacts. The energy inputs into the system represent the energy requirements 
for the completion of each process, along with the energy required for the turbine to operate and the 
energy required for disposal at the end of life. Finally, the energy and environmental effects associated 
with the recycling of materials have been excluded due to difficulties in properly accounting for this during 
the modelling process. 
3.1.2 Assumptions and Limitations 
A design life of 50 years has been assumed, this has been obtained from the designer’s specification. The 
boundary of the system has been defined by the wind turbine itself. The transformers, substations and 
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transmission cables have been excluded from the LCA as the impacts these will be dependent upon the 
final depth, location and size of the Windcrete wind park. Furthermore, the electricity from the system 
has been assumed to have 100% generation and transmission efficiency. Minor features of the system 
such as the paint and access features have been ignored from the analysis as they are not explicitly 
outlined in the design and it is assumed that they will have minimal impact on the outcome of the study 
as over 99% of the mass of the structure is accounted for. The reference scenario has been assumed as 5 
turbines moored at a depth of 250 m and located some 50 km offshore (Table 3). 
Table 3- Reference Scenario Assumptions 
Functional Unit 1 kWh Energy delivered to shore assuming 100% 
transmission efficiency  
Lifespan 50 years Expected lifespan of the turbines in the farm 
Turbines in Farm 5 The number of turbines in the wind farm 
Distance from Shore 50 km The distance from the shore to the wind farm 
Average Load 50% Estimated from previous work 
Turbine Rated Power 5 MW Nominal power of a single wind turbine 
3.1.3 Software 
The software being used to undertake this study is GEMIS 4.94, a freely available LCA tool developed by 
ININAS in Germany. Its functions and attributes have been examined in the previous chapter.  
3.1.4 Impact Assessment Categories 
Three principle impact assessment categories have been selected to be the focus of this study. Global 
warming potential, cumulative energy requirement and energy payback time were deemed the most 
relevant indicators of environmental performance for the turbine. Moreover, results expressed by these 
assessment categories will provide a useful reference point when comparing the study outcomes with the 
performance of other energy sources and turbine concepts. Other indicators could include stratospheric 
ozone depletion, eutrophication, acidification, toxicity and resource depletion.  
3.1.4.1 Global Warming Potential 
This is represented as the total CO2 equivalent arising from the life cycle of the turbine. It is principally a 
combination of CO2, NO2 and CH4 emissions, weighted for their respective Global Warming Potential 
(GWP) as outlined by the International Panel for Climate Change (IPCC), shown below (Table 4).  The final 
value is expressed in gCO2/kWh, this is an indication the estimated mass of greenhouse gases and their 
contribution to global warming, along with the total weighted contribution. The GEMIS model will use the 
100-year GWP to calculate a CO2e value. 
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Table 4- Global Warming Potential of 3 Greenhouse Gases for Various Timescales (Adapted from IPCC, 2007) 
Name Chemical Formula 20-year GWP 100-year GWP 500-year GWP 
Carbon Dioxide CO2 1 1 1 
Methane CH4 72 25 7.6 
Nitrous Oxide  N2O 289 298 153 
 
3.1.4.2 Cumulative Energy Requirements 
The approximate total energy required by the turbine, across its entire life cycle. This includes the energy 
required for its operation and decommissioning, along with the embodied energy of all materials and 
processes associated with the production, transport and maintenance of the installation. This does not 
represent a good indicator for comparison between different turbines as the energy requirements, like 
the global warming potential are dependent on the size and nature of each design, and so does not serve 
a good indicator of performance.  
3.1.4.3 Energy Payback Time 
The energy payback is expressed as the total amount of energy required by the turbine, divided by the 
annual energy output once in operation. This gives a time in years, the value denoting the time taken from 
the start of operation for the turbine to repay its energy ´debt´. This is a key indicator of performance and 
can be used to compare turbines of different rated powers with parity. This is due to the fact that a larger 
turbine, with a higher rated power will be larger and so more materially demanding compared with a 
smaller turbine, however the amount of power produced each year will depend on the capacity factor 
and rated power of the unit. Thus the larger turbine will generate more energy, but will also have a higher 
cumulative energy requirement, allowing approximate like for like comparison between turbines of 
different sizes and types, providing a true indicator of turbine performance.  
3.1.5 Functional Unit and Energy Production 
The functional unit for this study has been chosen to be 1 kWh of energy generated from the operation 
of the turbine. If the rated power is 5 MW and a capacity of 50% (4380 operating hours per annum) is 
assumed this equates to an annual production of 21900 MWh. A capacity factor of 50% has been assumed 
as a conservative value indicated by the literature in relation of capacity factors for floating offshore 
turbines located in deep water, far from any topographical interference. Furthermore, it is necessary to 
assume a load capacity as no actual operating data is available.  
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3.1.6 Other Impact Assessment Categories 
Other midpoint indicators are available such as eutrophication, stratospheric ozone depletion, 
acidification and toxicity. However, it was felt that these indicators are not particularly relevant for the 
product or the target audience and so these indicators were excluded from this study, with the main focus 
being on the indicators outlined above.  
3.2 Life Cycle Inventory Analysis 
The inventory analysis of the turbine includes the main materials used in the production of the structure 
and moorings, along with the principle materials required for the production of the rotor and associated 
electrical mechanical components.   
3.2.1 Turbine Characteristics 
The Windcrete turbine is a 5 MW floating spar-buoy, some 228 m long, with a hub height approximately 
100 m above the mean sea level. It has a design life of 50 years and features a 3 bladed rotor. It is of a 
monolithic concrete construction, with post tensioned reinforcement. It uses a by-product, black slag from 
electrical furnace, as ballast and is anchored in place by three mooring lines.  
3.2.2 Turbine Manufacture 
 
Figure 29- Windcrete Process Flowchart 
Figure 29 outlines the inputs, processes and outputs which occur over the lifecycle of the turbine. The 
downstream processes refer to the production processes which are required to produce a certain 
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material, for example a certain quantity of concrete or steel. These processes will be taken from the LCA 
software’s database and used as the basis for carrying out the LCA. 
3.2.2.1 Tower and substructure 
The tower and substructure are constructed of concrete and is post tensioned with steel reinforcement. 
It is assumed that it is constructed by slip forming in a dry dock (Molins, 2014; Berruezo, 2015).  
3.2.2.2 Moorings 
The moorings have been assumed to be constructed from forged iron. Station keeping of spar platforms 
are normally based in slack moorings composed of chains, as is the Hywind pilot wind farm. 
3.2.2.3 Ballast 
The ballast composes of by-product aggregate, black slag from electrical furnace.  
3.2.2.4 Nacelle 
The nacelle, which includes the hub and nosecone, is constructed from 192 tonnes of low alloy steel 
(Weinzettel et al. 2008). 
3.2.2.5 Blades 
The turbine has 3 blades, each of which contains 16.5 tonnes of reinforced glass fibre, giving a total 
quantity of 49.5 tonnes of reinforced glass fibre for the production of the blades. The reinforced glass 
fibre consists of 60% glass fibre and 40% epoxy (Weinzettel et al. 2008).  
3.2.2.6 Generator 
The generator consists principally of steel (3.5 tonnes) and copper (6 tonnes). No data could be obtained 
for a gearbox of 5 MW size and so data was extrapolated from previous turbine LCA studies (Vestas, 2011).  
3.2.2.7 Gearbox 
The gearbox is made from cast iron (98.4 tonnes) and steel (3.6 tonnes). No data for this was available so 
the energy input was calculated directly from the mass of materials, by scaling values from other turbine 
studies (Vestas, 2011). 
3.2.2.8 Low Voltage Transformer 
The LV transformer has been assumed to consist of 1.6 tonnes of steel and 0.4 tonnes of copper (Vestas, 
2011). 
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3.2.3 Transport and Installation 
The structure is assumed to be constructed in a dry dock close to its final installation position, as such the 
transport requirements from the dry dock to the final position have been assumed to be 100 km by towing 
boat (representing one round trip).  The assumed transport distances for each element are shown in Table 
5. 
Table 5- Transport Distances by Component 
Component Distance Transported by Truck 
Concrete 50 km 
Steel Rebar 100 km 
Moorings 100 km 
Ballast 50 km 
Nacelle 1000 km 
Generator 1000 km 
Blades 1000 km 
Gearbox 1000 km 
LV Transformer 1000 km 
 
Subsequently, the spar platform, turbine sub construction, moorings and ballast are transported by boat 
50 km to the installation location for final assembly. This will be modelled as 100 km to represent a round 
trip for the boat. 
3.2.4 Operation and Maintenance 
The operation of turbine, including the energy used to adjust the yaw, along with the pitch of the blades, 
along with any starting and breaking operations has been assumed to require 1% of the annual power 
produced by the turbine.  
A 50-year life span of the unit is assumed, with inspection being carried out on an annual basis by 
helicopter. It is assumed that the helicopter has a flight time of 1 hour. It is also assumed that the turbine 
generator/gearbox will need to be replaced once during the service life of the installation, either due to 
failure or permanent loss of performance.  
Future maintenance scenarios may involve remote controlled or autonomous drones performing 
maintenance, as is prevalent in the offshore oil and gas industry.  It is expected that this technique will 
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have a reduced environmental impact, however this future projection of maintenance activities will not 
be modelled due to limited data and unclear timespan and scope. The use of a helicopter for maintenance 
will provide a more conservative result in terms of embodied energy and carbon compared to the use of 
a maintenance drone.  
3.2.5 Dismantling and Recycling 
During the decommissioning stage it is assumed that the energy requirements for disposal and recycling 
processes accounts for 2% of the total energy generated by the turbine over its life time. Various recycling 
and disposal scenarios are to be modelled and are outlined further on in this chapter.  
3.2.6 Material Requirements 
The composition of the main structure, obtained from Berruezo (2015) is shown in Table 6. It has been 
assumed that all materials used in the construction of the turbine are obtained from virgin sources, due 
to the difficulty and uncertainty of obtaining data for recycled materials except the ballast. However, in 
actuality a large proportion of the material, particularly the metallic materials may be obtained from 
secondary sources. 
Table 6- Composition of Structure (Berruezo, 2015) 
Material Unit Quantity 
Concrete m3 5300 
Ballast t 8957 
Passive Reinforcement kg 371000 
Active Reinforcement kg 212000 
Moorings and Cables kg 163170 
 
No information was available regarding the rotor, blades or generator, and so data from another 5 MW 
turbine was used as an approximate estimation of the material requirements for the mechanical parts of 
the installation (Weinzettel et al. 2008; Jonkman et al. 2009; Guezuraga et al. 2011). It is necessary to 
assume the turbine production data from another 5 MW floating turbine. Studies have shown that the 
main environmental impacts arise from the tower and substructure production, so assuming the turbine 
data should not have an unduly disproportionate effect on the outcome of the study. Furthermore, the 
assumed material requirements are conservative and as such any impact on the results will be an over 
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estimation on energy requirements and environmental effects. The total material requirements assumed 
are presented in Table 7. 
Table 7- Total Material Requirements for a single Windcrete Unit 
Material Mass (t) % Weight 
Reinforced concrete 12190 (spec. weight 2.5 t/m3) 56.27 
Prestressing Steel 200.5 0.93 
Copper 6.4 0.03 
Cast iron 98.4 0.45 
Forged iron 163.2 0.75 
Fiberglass 29.7 0.14 
Epoxy 19.8 0.09 
Furnace slag 8957 41.34 
TOTAL 21665 100 
 
These assumptions have been obtained from a number of sources (Weinzettel et al. 2008; Jonkman et al. 
2009; Guezuraga et al. 2011), through scaling of materials and consulting of manufactures information. 
The total mass of the turbine, approximately some 355 tonnes, is very close to the 3500 kN (356 tonnes) 
weight of the rotor which was assumed when the structure was being designed (Molins et al. 2014).  
 
Figure 30- Contribution to Structural Mass by Principle Elements 
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Breakdown of Structural Mass
Tower Turbine
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As can be seen from Figure 30, the vast majority of the total mass of the structure is provided by the mass 
of the tower, platform and ballast, with only 3% of the total mass of the structure coming from the turbine 
and moorings.  
3.3 Scenarios to Be Modelled 
Outlined below are the scenarios which will be modelled. In order to assess the validity and sensitivity of 
the results and determine the effect of changing various parameters, additional scenarios will be modelled 
to serve as a quasi-sensitivity analysis.  
The scenarios to be modelled are as follows: 
1. Reference scenario (50-year design life, 21900 MWh generated per annum, no degradation in 
performance with 1% and 2% of annual generation required for operation and decommissioning 
respectively).  
2. 2% performance degradation in power output over 25 years (down to a minimum of 70% of 
original performance), recovering to 100% after turbine refit and then degrading at 2% per year 
for another 25 years. The refit of the Rotor Nacelle Assembly (RNA) will be modelled as an 
additional input of the materials comprising the turbine.  
3. 2% degradation in power output for 50 years down to 65% of original performance, with no 
turbine refit occurring.  
4. Variation in lifespan of + 5 years (55 years’ service life) with RNA replacement. 
5. Variation in lifespan of – 5 years (45 years’ service life) with RNA replacement. 
The end of life scenario to be modelled is shown below in Table 8. Only the environmental and energy 
impacts from the landfill and incineration of materials is considered in the model as recycling of materials 
is out with the system boundaries.  
Table 8- Assumed End of Life Scenario 
Material Recycling Scenario 
Reinforced concrete 75% recycled + 25% landfilled 
Steel 90% recycled + 10% landfilled 
Copper 90% recycled + 10% landfilled 
Cast iron 90% recycled + 10% landfilled 
Forged iron 90% recycled + 10% landfilled 
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Fiberglass 100% incinerated 
Epoxy 100% incinerated  
Ballast 100% landfilled 
 
Additionally, the reference scenario will be broken down to allow the embodied energy and carbon to be 
measured for both the main elements of the structure but also for each principle stage of the life cycle 
(manufacture, operation and maintenance and decommissioning). This detailed breakdown will allow for 
areas for improvement to be identified, so allowing for the environmental performance of Windcrete to 
be improved through iterative eco-design. 
The various scenarios will be modelled in GEMIS and the results presented in the next chapter.  
3.4 Validation 
In order to validate the results of the study, several measures will be taken to ensure their fidelity. Firstly, 
the results will be compared with previous turbine LCAs to check that similar orders of magnitude are 
being obtained, this will allow the comparison of various turbine designs. Finally, a set of hand calculations 
will be produced using material volumes and approximate embodied energy and carbon values to get a 
rough estimate of what the results should be to ensure that the software is performing correctly. 
3.4.1 Hand Calculations 
A database of embodied energy and eCO2 values was used, this was based on a paper by Hammond and 
Jones (2008), which examined these properties of common construction materials. The results obtained 
in the study are inclusive of transport processes but exclude end of life processes, as such an 
approximation of energy requirement and carbon emissions will be added within the hand calculations. 
As such the values can be used to estimate a ‘cradle to gate’ lifecycle.  
The paper examined several other studies regarding the embodied energy and carbon in construction 
materials, using a wide range of values from different studies to output an aggregate value. 
Due to the methodology used in this paper the values which will be used in the hand calculation will differ 
from the values found in the GEMIS database; because of this it is expected that the comparative results 
will differ, although certainly be within the same order of magnitude. 
Additional energy inputs were assigned a value of 302 gCO2e/kWh (Generalitat de Catalunya, 2016), as 
this was the estimated value from the gross production mix of the peninsular electrical network in 2015. 
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Table 9 is an extract from Hammond and Jones (2011) showing the embodied energy and CO2 equivalents 
per kg of material. It should be noted that the embodied energy is expressed in MJ, and a conversion 
factor of 3600 is required to convert this value to MWh. This is necessary when calculating the energy 
payback time and for comparison between other studies.  
Table 9- Embodied Energy and Carbon Values for Selected Materials (Adapted from Hammond and Jones, 2011) 
Material Embodied Energy (MJ/kg) Embodied Carbon (kgCO2e/kg) 
Reinforced Concrete (50 MPa) 2.144 0.2357 
Copper 57 3.81 
Steel 32.8 2.47 
Iron 25 2.03 
Reinforced Glassfibre 100 8.1 
Slag 0.083 0.0052 
 
It is predicted that the embodied energy and carbon values obtained from the hand calculations will be 
higher than those obtained from the GEMIS model. It has been assumed that the database considers each 
material in isolation and that in reality there will be reduction of carbon during the production due to the 
streamlining of industrial processes.  
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Chapter 4 – Results and Analysis 
 4.1 GEMIS Output 
The output from GEMIS is shown below in Table 10. The exact input data used in the GEMIS model for 
each scenario can be found in Appendix A.  
Table 10- GEMIS Results for Different Operating Scenarios 
Scenario 
Result 
1 2 3 4 5 
REF RNA2% DEG2% RNA55 RNA45 
Total CO2e (t) 3972 4578 3972 4586 4570 
Cumulative Energy Requirements (MWh) 11418 14247 11418 14299 14196 
Annual average generation (MWh) 21900 18395 15830 21900 21900 
Lifetime Generation (GWh) 1095 882.3 791.5 1204.5 985.5 
Energy Payback time (Years) 0.52 0.77 0.72 0.65 0.65 
gCO2e/kWh  3.53 5.19 5.02 3.81 4.64 
 
The scenario which will be used for comparison is the 50 Year Scenario with replacement of the RNA after 
25 years (2), where the turbine performance degrades at 2% per year down to a minimum of 70%. The 
Reference Scenario required 11418 MWh cumulative energy and so yielded an energy payback time of 
0.52 years, and 3.53 gCO2e/kWh, this of course is an unrealistic operating scenario, yielding unachievably 
low results. Scenario 2 had a cumulative energy requirement of 14247 MWh, some 14% higher than the 
reference scenario on account of the addition material and disposal inputs. The energy payback time 
obtained was 0.77 years and there was 5.19 gCO2e/kWh. It should be noted that the other scenarios all 
gave a similar energy payback times, between 0.65 and 0.72 years, and the gCO2e/kWh values, whilst 
interesting are not all that useful for comparison, although they do show that the model is sensitive to 
both degradations in generation performance and a change is service life.  
4.2 Hand Calculations 
The results of the hand calculation based on values from the ICE database (Hammond and Jones, 2011) 
are shown in Table 11 below. A complete version of the hand calculations can be found in Appendix B. 
The Reference Scenario (1) gave a Cumulative Energy Requirement (CER) of 14155 MWh, and energy 
payback time of 0.65 years and 4.37 gCO2e/kWh. Scenario 2 has a CER of 19053 MWh, some 26% higher 
than the Scenario 1, however this is expected as the turbine is replaced, essentially requiring 2 turbines 
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over its lifecycle. As a result of this the energy payback time rises to 1.04 years and the emission increase 
by 37% to 6.95 gCO2e/kWh. As with the GEMIS output the other scenarios do not present a particularly 
useful set of figures for comparison, but do provide a useful base for comparison between the GEMIS 
results and the hand calculations, and as such can be useful for validating the model output.  
Table 11- Hand Calculation Results for Different Operating Scenarios 
Scenario 
Result 
1 2 3 4 5 
REF RNA2% DEG2% RNA55 RNA45 
Total CO2e (t) 4789 6129 4789 6129 6129 
Cumulative Energy Requirements (MWh) 14155 19053 14155 19075 19031 
Annual average generation (MWh) 21900 18395 15830 21900 21900 
Lifetime Generation (GWh) 1095 882.3 791.5 1204.5 985.5 
Energy Payback time (Years) 0.65 1.04 0.89 0.87 0.87 
gCO2e/kWh  4.37 6.95 6.05 5.09 6.22 
 
4.3 Validation 
The results of the GEMIS output and the hand calculations are within the same order of magnitude and 
generally within 25% of each other. The discrepancy between the GEMIS model and the hand calculations 
can be explained by differing values in each database. As was previously stated, this is to be expected and 
thus it can be assumed that the GEMIS output is valid and can be subject to further comment and analysis. 
The relationship between the GEMIS output and the hand calculations for different scenarios is shown in 
Figure 31. The general pattern of changing parameters between the different scenarios can be clearly 
seen, with an increase and decrease in both energy payback time and gCO2e/kWh for both the GEMIS 
output and the hand calculation results. This is expected due to the varying inputs for each scenario. More 
importantly however is that the variation in results between different scenarios is nearly constant 
between the GEMIS output and the hand calculations. As expected the GEMIS output is lower than the 
results from the hand calculations. This confirms that the GEMIS model and the hand calculations are 
performing as expected and serves to further increase confidence in the results obtained. Although the 
results of the hand calculations are consistently higher for both energy payback time and gCO2e/kWh in 
comparison to the GEMIS model, the output from the GEMIS model can be considered to be validated 
and further analysis of the results can be undertaken.  
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Figure 31- Comparison of Results 
4.4 Interpretation and Analysis 
The results obtained from the GEMIS analysis show that Windcrete has excellent environmental 
performance in terms of cumulative energy requirement and total CO2e emissions. This is shown by the 
payback time of 0.77 years and 5.19 gCO2/kWh for the refit scenario with degradation (2), which was 
anticipated to be most the realistic (and conservative) model of performance under actual operating 
conditions. These figures compare favourably against other types of wind turbine, 11.52 gCO2e/kWh for 
Sway (Weinzettel et al. 2008) and 9.73 and 8.82 gCO2e/kWh (Guezuraga et al. 2011) for two types of 
onshore turbine respectively (Table 12).  
Table 12- Comparative Performance of Various Turbines 
Turbine Windcrete Sway 2 MW Geared 
(Onshore) 
1.8 MW Gearless 
(Onshore) 
Energy Payback 
Time (Years) 
0.77 1.08 0.65 0.64 
gCO2e/kWh 5.19 11.52 9.73 8.82 
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The good performance of Windcrete can be explained by its longer design life, double the ‘regular’ design 
life of most turbines, as such it has greatly improved environmental performance, due to its longer 
generating time. The robust design may utilise more material than a less conservative design, however, if 
Windcrete is truly capable of providing a base for a turbine for 50 years with minimal maintenance then 
it will exhibit better environmental performance than other types of turbine. The monolithic concrete 
design also lends advantage to Windcrete, giving it a significantly lower energy payback time than the all 
steel Sway turbine, a close competitor. This can be explained by the design life of Windcrete, which is 
double that of Sway at 50 years. Secondly, the steel used in Sway has a higher environmental impact than 
the concrete of Windcrete. However, it is anticipated that the RNA will require replacement after 25 years 
in order to maintain reasonable generating performance. 
Overall Windcrete (and wind power in general) represent superior environmental performance compared 
with the vast majority of other methods of power generation (Figure 32). 
 
Figure 32- gCO2e/kWh emissions of selected energy sources (Guezuraga et al. 2011) 
Other methods of power generation have considerably higher gCO2e/kWh emissions, particularly 
Combined Heat and Power (CHP), 228 gCO2e/kWh, and Coal, 1046 gCO2e/kWh. This serves to illustrate 
the vastly superior environmental performance of Windcrete in comparison to fossil sources. Various 
forms of Photovoltaic (PV) generation also offer good environmental performance, although the 
deployment of solar farms on a commercial scale has only begun very recently. Nuclear power plant also 
offers outstandingly low carbon emissions, although the storage and disposal of spent fuel, along with 
ongoing operational safety are key challenges, in addition to public perception of the technology.  
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Hydropower is the only other energy source on par if not slightly better in terms of carbon performance, 
but besides the unique geography and topography required to harness hydropower it also comes with 
other environmental factors which must be taken into account such as disruption of existing ecosystem, 
loss of land, and various issues with water quality, including thermal pollution and depletion of dissolved 
oxygen. Finally, hydropower is reliant on rainfall to renew the water flow required for power generation 
and as such it is susceptible during times of drought or low rainfall. As such it may be unsuitable for 
widespread deployment and so is not a viable source of energy on a continental scale; although some 
countries have successfully exploited hydropower as a clean source of renewable energy (Brazil >75%). 
Therefore, widespread deployment of offshore floating wind presents itself as a more viable solution to 
the problem of clean energy generation that hydropower.  
Finally, the security of supply must be taken into account when considering energy generation. The low 
carbon sources, such as wind, solar and hydro (to an extent) are intermittent sources of energy, and so 
they must be paired with a constant source of power to generate enough energy to match supply with 
demand, and since most distribution grids have no storage capacity this must be done in real time almost 
instantaneously. This has 2 key implications for the development of renewable energy. Firstly, it could 
result in the curtailment of wind farms when supply exceeds demand, this in turn will reduce the 
environmental performance of the energy source as it is generating below its potential. Secondly, when a 
commercially viable energy storage medium is developed and deployed on a large scale there should be 
an explosion in the deployment of low carbon forms of generation and the main drawback of these 
methods (intermittency) can be overcome by storing energy from times of oversupply and distributing it 
in times of undersupply. However, despite the many storage technologies which are currently in 
development, their widespread deployment is most likely some years away, although this should perhaps 
be taken into consideration given the 50-year service life of Windcrete. 
4.4.1 Detailed Breakdown and Scope for Improvement 
A breakdown of the energy requirement and CO2e emissions for each of the principle lifecycle stages of 
Windcrete is shown in Figure 33. The manufacture stage accounts for the vast majority of energy and 
carbon contributions; 81.1% and 86.8% respectively. The model used for this breakdown was Scenario 2, 
in which the RNA required replaced after 25 years of service in order to maintain generating performance.  
It should be noted that the replacement RNA has been accounted for under the Manufacture stage, and 
the high contribution from the Blades and Turbine E + M components arises from their duplication within 
the model, representing the required replacement.  
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Figure 33- Energy and Carbon Contribution by Process 
As such further analysis of the breakdown of components was undertaken to identify the contribution of 
each structural element and identify areas for optimisation. A GEMIS model was made for the Scenario 2, 
breaking it down to investigate the contribution by each principle element of the structure. Figure 34 
shows that relative Embodied Energy (EE) and Embodied Carbon (EC) of each of the principle parts of 
Windcrete. The contribution from each element includes transport, materials and disposal, along with a 
portion of the O & M and decommissioning energy requirements.  
 
Figure 34- Energy and Carbon Contribution by Element 
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Generally, the EE and EC are similar in terms of contribution to the total for each element. It is clear that 
the structure contributes the majority of both EE and EC (40.5% and 59.9% respectively). This is expected 
as the tower and platform represents approximately 56% of the total mass of the structure and is 
constructed from concrete and steel rebar, both of which have relatively high EE and EC compared with 
other materials. The end of life scenario was modelled as 25% of the concrete structure being landfilled 
and 75% being recycled.  As such the benefits, both in terms of energy and carbon savings, are not 
quantified here. The saving could be significant, with the rebar being extracted and recycled, and the 
concrete being broken up and used as recycled aggregate. 
The ballast and moorings account for 13.3% EE and 10% EC, compared with the 42% of structural mass 
that they account for. The comparatively low contribution, both in terms of EE and EC stems from use of 
locally sourced furnace slag, which has a low EE and EC, along with lower transport requirements. It should 
be noted however, that it is difficult to truly quantify the EE and EC of furnace slag, which was initially 
produced as an unwanted by-product of a separate industrial process. As such the energy and carbon 
accounting used to give values to the slag could be subject to interpretation and so has potential to be 
manipulated in order to increase or decrease the environmental impact of using the slag depending upon 
the motives of the researcher.  
The blades of the turbine represent 19.5% and 8.7% of EE and EC respectively. This is due to the required 
mass of plastic and epoxy required to manufacture them. The end of life scenario sees the blades being 
100% incinerated.  As such this contributes to both the EE and EC requirements. If the end of life scenario 
is 100% landfilled instead, the EC drops by around 8%, but the EE increases by 4.5%. Thus the disposal 
method of the blades must be decided by prioritising EE or EC. Incineration may allow heat and energy to 
be recovered from the blades, although may release harmful gaseous pollutants if correct flu gas 
treatments are not implemented. However, as the blades represent a relatively minor contribution to 
both EE and EC in terms of the whole structure, the final disposal method chosen will have a negligible 
impact on the environmental performance of the final product.  
Finally, the electrical and mechanical components of the turbine, including the nacelle, give contributions 
of 26.7% and 21.4% to EE and EC respectively. The high EE is a result of the energy intensive process of 
ore processing and production, whilst the EC is lower because metal production is not as highly carbon 
producing as concrete production, hence the concrete monolith absorbs the turbine’s ‘share’ of carbon 
emissions. Both the EE and EC contributions are above the 2% of structural mass which the turbine 
represents and so the production of the turbine could be considered to be both an energy and carbon 
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intensive component of the structure. Although mainly, this is due to material for 2 turbines being 
included in the model, as the initial turbine is expected to require replacement after 25 years of service. 
Due to the fact that the turbine modelled consisted entirely of metal and that recycling processes were 
excluded from the analysis it is expected that if recycling processes could accurately be added to the 
model then both the EE and EC contributions from this component would be reduced significantly. 
Generally, the results of this part of the analysis are as expected, with the superstructure being by far the 
largest source of both EE and EC. However, it must be noted that the model utilised only virgin materials 
in the analysis, and so if secondary sources of material could be used instead of virgin materials, then the 
EE and EC could be reduced. As the use of secondary metals is very widespread it is expected that the 
contributions from the turbine would drop significantly, whilst the structure’s EE and EC would also 
benefit from the use of recycled rebar. The ballast, moorings and blades would likely see no improvement 
and so their relative EE and EC contributions would increase accordingly, despite a lower EE and EC for 
the whole structure overall.   
Additionally, several state of the art technologies could be implemented in order to improve the 
environmental performance of Windcrete. It should be noted that these are simply recommendations 
that could be investigated and the effects that implementing one or more of these measures on the actual 
performance of Windcrete is unknown, however it does present an interesting topic for future study and 
investigation.  
In order to improve the environmental performance of the main concrete structure there is the possibility 
of including fly ash as a replacement for cement within the mix. Due to the large volume required for the 
tower and platform, even using a low dosage of fly ash (<15%) could yield significant energy and carbon 
savings. Additionally, the use of fibre reinforced concrete could be investigated. The composite fibre may 
have a lower environmental impact compared with using steel rebar, although this is dependent on the 
quantity of fibres required. The use of fibres instead of rebar will have the added benefit of providing 
protection from chlorination and so may further increase the service life. This will come at a considerable 
financial cost however as many composite fibres are very expensive, and the most promising – carbon 
nanotubes – currently prohibitively so. The use of glass reinforced fibre or fibre reinforced plastic may be 
feasible at this current time as the costs have fallen recently due to widespread adoption by the military 
and aerospace industry. Due to the differing mechanical properties of fibre reinforcement, a different 
design approach will have to be adopted, particularly due to the lower stiffness compared with steel 
reinforcement.  
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The moorings could be replaced by polyester fibres instead of iron, polyester fibres are commonly used 
in the offshore oil and gas industry. This may reduce the environmental impacts as polyester has a lower 
embodied energy than iron, although the overall effect of substituting steel for polyester will depend upon 
the quantity of polyester required to give the same performance as steel. The slack section of the chain 
on the seabed will always have to be constructed from metallic materials, and so the use of polyester 
fibres in the mooring lines may be more feasible at greater depths, where the ratio of polyester to iron is 
higher. Furthermore, a balance must be struck in the disposal scenario. It is likely that the entire polyester 
mooring would be incinerated, compared with a very high recovery rate for iron through recycling. Further 
investigation into the optimisation of this component will be required.  
There is not much scope for improvement in the ballast as a waste by-product from another process is 
already being utilised, although possible end of life uses, other than landfilling, could be investigated to 
reuse the material. However, this is likely to result in a limited improvement in environmental 
performance.  
The blades may have scope for improvement, although it is likely that this will be as a result of increasing 
aerodynamic efficiency through optimisation. As such this is unlikely to have much of an impact on the 
material and energy requirements as a material with a high strength to weight ratio and stiffness is 
required.  
Finally, the most effective improvement which could be made to the turbine is to design it to have a lower 
rate of performance degradation, as this will do more to increase environmental performance than 
material reductions, as the turbine represents a small contribution to the total energy and carbon. 
Perhaps a gearless turbine could be used, due to the lower number of moving parts there is an 
improvement in efficiency and a decreased maintenance burden. However, gearless turbines tend to be 
heavier, which may require an increase in structural load capacity. Additionally, due to the requirement 
for permanent magnets in a gearless turbine, there is an increased need for rare earth elements, such as 
Neodymium, which are in critically short supply. Although this will not be represented in the LCA through 
EE and EC, it is an aspect which should be taken into consideration. 
4.5 Weaknesses and Improvements within the Study 
There are several weaknesses within this study which should be addressed before any future work 
regarding LCA of Windcrete is undertaken.  
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Firstly; the assumptions made were mainly associated with the turbine and blades; the structure, ballast 
and moorings were modelled with a higher degree of certainty. As the turbine is a relatively minor 
contribution to both EE and EC, then the results are expected to be fairly representative of the actual 
requirements, although they could be expected to change a little due to adjustments in the composition 
and modelling of the final design, with the turbine module expected to show the most change. This would 
most likely have a minor effect on the overall environmental performance, but should be noted 
nonetheless. Additionally, the quality of data available in the LCA Inventory Analysis, particularly regarding 
the structure, ballast and moorings is of the highest quality and the best available at this stage of 
development.  
Secondly, only a single end of life scenario was modelled, the chosen scenario assumed to be typical, from 
other LCA studies. Obviously it is impracticable to model every possible end of life scenarios, but in future 
work additional end of life scenarios should be modelled, although in actuality the true end of life scenario 
would be location specific.  Additionally, the recycling processes have been excluded from the system 
boundaries, although it is expected that the inclusion of these will have a net positive effect on 
Windcrete’s environmental performance. Finally, the additional energy requirement for the construction 
of the product has been excluded as it was difficult to estimate, and again will be location specific. It is, 
however, assumed to be minimal relative to the whole lifecycle of the structure and so should not have 
an undue effect on the results. 
A further area of weakness within this study was in the assumption of power generation from the turbine. 
A load factor of 50% was assumed to be slightly conservative (from the study of literature), however the 
actual amount of power which will be generated is location specific and will also be subject to annual 
variation due to wind strength and frequency, although this can be modelled for any particular site using 
a Weibull distribution in the form of a velocity exceedance curve; this however requires collection of 
several years of wind speed data for the site. Furthermore, in relation to power generation, the 
performance degradation of the turbine was assumed to be 2% per annum. In actual operating conditions 
the actual performance degradation will differ from this and so the lifetime generation may vary, either 
up or down, from what has been estimated in this study. In turn this will have a knock on effect on the 
gCO2e/kWh value for Windcrete. Clearly this is unavoidable and there is little that can be done to 
overcome this uncertainty, but it should be noted nonetheless.  
Lastly, the LCA did not consider the need to replace turbines which fail during operation. Generally, it is 
assumed that approximately 1 in 20 turbines will need to be replaced over their lifetime, although this is 
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for turbines with a design life of 20-25 years and so with Windcrete’s 50-year lifespan this may be higher. 
As such this could increase the material and energy requirements for each turbine by around 5%. 
With all of the weaknesses mentioned above there is scope for an improved LCA to be undertaken at a 
later date. When the design is further down its development process, perhaps once some of the 
recommendations have been implemented. This is part of the iterative feedback loop which LCA is suited 
for; with eco-design hopefully yielding environmental dividends. 
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Chapter 5 – Conclusions and Recommendations 
5.1 Conclusions 
The state of the wind industry has been examined and a rationale stated for the future development of 
wind power. In particular, existing floating wind concepts have been examined and the relative merits of 
the Windcrete concept explained. An inventory analysis was carried to determine the main materials and 
processes required to construct a Windcrete unit, and a GEMIS model created, providing a useful tool for 
carrying out the LCA of Windcrete, whilst working within the system boundaries and defined assumptions.  
An LCA of the Windcrete concept was carried out using GEMIS, the results obtained were validated using 
hand calculations, and a set of data was produced which could provide a starting point for further study. 
The results obtained have been compared with the results of other turbine LCA studies and have shown 
that Windcrete has parity, if not superior performance to its direct competitors. The findings have also 
shown the superior environmental performance of Windcrete in comparison to other forms of power 
generation. This should serve to indicate to investors and decision makers alike that the future for low 
carbon power generation lies with renewables, with a strong case emerging for floating offshore 
generation.  
5.2 Recommendations for Future Work 
It is recommended that further LCA of Windcrete is undertaken once a more detailed analysis of the 
electrical mechanical components has been undertaken, along with their constituent parts, materials and 
processes. Details of these recommendations have been outlined previously. Additionally, more research 
should be undertaken to measure the rate of performance degradation regarding the output capacity of 
wind turbines, and in particular offshore turbines; these may degrade at an increased rate due to the 
harsher conditions. If it was found that if this was the case then the results would affect the modelling of 
the capacity of such installations, and have a knock-on effect in terms of LCA, and the results obtained.   
Finally, once a more detailed design of Windcrete has been completed, another inventory analysis should 
be undertaken, which could provide a starting point for a more detailed LCA of Windcrete. It is 
recommended that, funding allowing, this should be undertaken on a more comprehensive LCA 
application such as SimaPro, which will allow for a more detailed analysis of Windcrete’s environmental 
performance.  
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Appendix A 
GEMIS Inputs 
Input Unit 
Scenario 
1 2 3 4 5 
Energy       
grid-el-ES-local-electric-mobility-RE-mix MWh 657 657 657 678.9 635.1 
Materials       
nonmetallic minerals\concrete-DE-2020 t 11607 11607 11607 11607 11607 
metal\steel-rebars-global-2005 t 583 583 583 583 583 
metal\copper-DE-mix-2020 t 6.4 12.8 6.4 12.8 12.8 
metal\iron-cast-DE-2005 t 98.4 196.8 98.4 196.8 196.8 
chem-org\polypropylene-EU-AMPE-
2005 t 19.8 39.6 19.8 39.6 39.6 
plastics\EPS-DE-2020 t 27.9 59.4 27.9 59.4 59.4 
Xtra-residue\slag-furnace t 8957 8957 8957 8957 8957 
metal\pig-iron-DE-2020 t 163.2 163.2 163.2 163.2 163.2 
metal\steel-hot-rolled-DE-2020 t 200.5 401 200.5 401 401 
Freight       
truck-diesel-DE-2020 tkm 1457620 1457620 1457620 1457620 1457620 
ship-domestic-diesel-DE-2020 tkm 1083250 1083250 1083250 1083250 1083250 
Residue       
landfill-slag t 3923.7 3954.7 3923.7 3954.7 3954.7 
incinerator-residential-wastes t 49.5 99 49.5 99 99 
 
Shown above is the material and process inputs into the GEMIS model. The model was constructed as a 
scenario, with a different option for each different scenario to be modelled.  
GEMIS 4.94 is freely available under the open source standard and can be downloaded from here: 
http://www.iinas.org/gemis-download-en.html 
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Appendix B 
Excel Calculations 
Reference Scenario 
 
Scenario 2 
 
Scenario 3 same as Reference Scenario with a different annual and lifetime generation.  
Scenarios 4 and 5 
 
 
